Acetyl-coenzyme A carboxylases (ACCs) have crucial roles in fatty acid metabolism. The biotin carboxylase (BC) subunit of Escherichia coli ACC is believed to be active only as a dimer, although the crystal structure shows that the active site of each monomer is 25 Å from the dimer interface. We report here biochemical, biophysical, and structural characterizations of BC carrying single-site mutations in the dimer interface. Our studies demonstrate that two of the mutants, R19E and E23R, are monomeric in solution but have only a 3-fold loss in catalytic activity. The crystal structures of the E23R and F363A mutants show that they can still form the correct dimer at high concentrations. Our data suggest that dimerization is not an absolute requirement for the catalytic activity of the E. coli BC subunit, and we propose a new model for the molecular mechanism of action for BC in multisubunit and multidomain ACCs.
Introduction
ACCs play pivotal roles in fatty acid metabolism (Cronan and Waldrop, 2002; Munday, 2002; Tong, 2005; Wakil et al., 1983) . They catalyze the carboxylation of acetylcoenzyme A (acetyl-CoA) to produce malonyl-CoA, which is the first and rate-limiting step in fatty acid biosynthesis (Cronan and Waldrop, 2002) . The malonylCoA product is also a potent inhibitor of fatty acid oxidation in animals (Abu-Elheiga et al., 2001; McGarry and Brown, 1997) . ACCs are attractive targets for the developments of new drugs against many human diseases (such as diabetes, obesity, and bacterial and fungal infections) (Harwood, 2004; Lenhard and Gottschalk, 2002; Tong, 2005) . ACC inhibitors have been used as herbicides in agriculture for more than 20 years (Devine and Shukla, 2000; Gronwald, 1991; Sasaki and Nagano, 2004) .
ACCs are found in most living organisms, from bacteria to humans. ACCs from prokaryotes and the plastids of most plants are multisubunit enzyme complexes (Cronan and Waldrop, 2002; Sasaki and Nagano, 2004; Tong, 2005) . They are composed of a BC subunit, a biotin carboxyl carrier protein (BCCP) subunit, and two proteins (a and b) for the carboxyltransferase (CT) subunit. The BC activity catalyzes the carboxylation of biotin from bicarbonate, which is coupled with the hydrolysis of ATP. The biotin prosthetic group is covalently linked to the BCCP subunit. The CT activity transfers the activated carboxyl group from carboxybiotin to acetylCoA to generate the malonyl-CoA product.
In comparison, ACCs from most eukaryotes are large, multidomain enzymes, with molecular weights of about 250 kDa (Munday, 2002; Tong, 2005; Wakil et al., 1983) . Domains in these enzymes can be identified that share sequence homology with the subunits of the prokaryotic ACCs. For example, the BC domain of yeast ACC has 35% sequence identity to the BC subunit of E. coli ACC. On the other hand, the sequence conservation between the CT domains of eukaryotic ACCs and the CT subunits of bacterial ACCs is significantly lower (around 10%).
The E. coli BC subunit has been used as a model for studying the BC activity of ACCs and other biotindependent carboxylases. This subunit is catalytically active when isolated from the other ACC subunits and can use free biotin as the substrate (Guchhait et al., 1974) . Moreover, the crystal structure of this enzyme has been available for more than 10 years (Waldrop et al., 1994) . BC belongs to the ATP-grasp superfamily of enzymes (Artymiuk et al., 1996) and consists of three domains: A, B, and C ( Figure 1A ). The B domain is highly flexible in structure in the free enzyme and undergoes a large conformational change upon ATP binding to help close the active site for catalysis (Thoden et al., 2000) . The recent structures of the BC domain of yeast ACC (Shen et al., 2004) as well as the BC subunit of Aquifex aeolicus pyruvate carboxylase (Kondo et al., 2004) share similar features.
The E. coli BC subunit is a dimer in solution and in the crystal ( Figure 1A ) (Guchhait et al., 1974; Thoden et al., 2000; Waldrop et al., 1994) , and a similar dimer is observed in the crystal of the BC subunit of Aquifex aeolicus pyruvate carboxylase (Kondo et al., 2004) . Monomeric forms of the E. coli BC subunit can only be observed under denaturing conditions (Janiyani et al., 2001) , suggesting that the dimer may be stable.
It is currently believed that E. coli BC is active only as a dimer, whereas monomers of the enzyme are presumed to be inactive catalytically (Janiyani et al., 2001 ). The strongest evidence comes from studies on hybrid dimers of the BC subunits, where one monomer is wildtype and the other carries an inactivating mutation in the active site (Janiyani et al., 2001 ). The catalytic activity of such hybrid dimers is only about 2% of that of the wild-type dimer, suggesting that there may be communication between the two active sites of the dimer (although the E. coli BC subunit does not exhibit cooperativity). Additional evidence comes from observations on isolated eukaryotic BC domains (Shen et al., 2004; Weatherly et al., 2004) . They are monomeric in solution and catalytically inactive, which appears to be consistent with the dimerization requirement. However, the molecular basis for this requirement is not known. The structure shows that the active site in each monomer is about 25 Å away from the dimer interface in the bacterial BC subunit, with no direct contribution from residues (A) Schematic drawing of the free enzyme dimer of wild-type E. coli BC subunit (Thoden et al., 2000; Waldrop et al., 1994) . One monomer is shown in yellow, and the other is in green. The red stars indicate the two active sites of the enzyme. Water molecules in the dimer interface are shown as red dots. Please see Figure S1 for the stereo version of this figure. in the other monomer of the dimer ( Figure 1A ). The molecular mechanism for the long-range communication between the two active sites in this dimer remains to be elucidated.
None of the experiments so far directly measured the catalytic activity of the monomeric form of the E. coli BC subunit. To assess whether dimerization is really required for the catalytic activity of this enzyme, we have generated monomeric forms of the BC subunit by introducing single-point mutations in the dimer interface. Sedimentation velocity analytical ultracentrifugation experiments showed that the mutations produced up to 8000-fold increase in the K d of the dimer, such that the mutants are essentially monomeric in solution. Our kinetic studies, however, showed that these mutants still have robust catalytic activity, in fact only 3-fold weaker than that of the wild-type enzyme. To reveal the molecular basis for the destabilization of the dimer by the mutations, we have determined the crystal structures of the E23R and F363A mutants at up to 2.2 Å resolution. Overall, our biochemical, biophysical, and structural analyses suggest that, contrary to current beliefs, dimerization is not absolutely required for the catalytic activity of the E. coli BC subunit. Based on these data, we propose a new model for the molecular mechanism of action of biotin carboxylase.
Results and Discussion

Selection of Residues in the Dimer Interface for Mutagenesis
The BC subunit of E. coli ACC exists as dimers both in solution and in the crystal ( Figure 1A , and see Figure S1 available in the Supplemental Data with this article online) (Guchhait et al., 1974; Thoden et al., 2000; Waldrop et al., 1994) . About 1270 Å 2 of the surface area of each monomer is buried at the dimer interface ( Figure 1B) , consistent with the belief that the dimer may be stable (Janiyani et al., 2001) . Surprisingly, however, the BC dimer interface is rather hydrophilic in nature. Most of the residues at the interface are charged ( Figure 1C) , and there are more than 100 water molecules in the interface based on the crystal structure of the BC subunit at high resolution ( Figure 1A ) (Thoden et al., 2000) .
Dimerization of the BC subunit involves the interactions of the b hairpin containing strands b18 and b19 with their symmetry mates related by the 2-fold axis of the dimer ( Figure 1A ). In addition, helix aR from one monomer contacts helices aC 0 and aE 0 of the other monomer (with the prime indicating the second monomer) ( Figure 1A ). The charged residues in this interface include the ion pairs between Arg19 and Glu23 in one monomer with residues Glu408 0 and Arg401 0 in the other monomer, respectively ( Figure 1C ). Phe363 makes the largest contribution to the buried surface area in the dimer (about 150 Å 2 ), but its side chain is mostly in contact with two ion pairs (Arg16 0 -Asp307 0 and Glu301 0 -Arg366 0 ) in the other monomer ( Figure 1C) .
A sequence comparison indicates that Arg19 is identical among all BCs of biotin-dependent enzymes (Figure 1D) , suggesting a conserved and crucial role for this residue at the dimer interface. Glu23, Arg366, and Arg401 are identical among bacterial BC subunits but are not conserved in the yeast BC domain ( Figure 1D ).
Phe363 is poorly conserved even among bacterial BC subunits ( Figure 1D ), which may be consistent with the fact that this side chain is not specifically recognized in the dimer interface ( Figure 1C) .
Based on the structural and sequence analyses, we designed the following six mutations in the dimer interface: R19E, E23R, F363W, F363A, R366E, and R401E ( Figure 1B) . The mutations will introduce the opposite charge in the side chains of residues 19, 23, 366, and 401, which should disrupt the ion pair interactions for these residues in the dimer interface. For the Phe363 residue, the mutations will either increase (Trp) or decrease (Ala) the bulk of the side chain, which could also be detrimental to the dimerization of the BC subunit.
Dimer Interface Mutants Are Monomeric in Solution
Wild-type and mutant BC subunits were overexpressed in E. coli and purified by nickel affinity and gel filtration chromatography. The expression levels of the His-tagged, recombinant BC proteins are significantly higher than that of the untagged, endogenous E. coli BC subunit ( Figure S2 ). Therefore, contamination of the purified recombinant BC samples by endogenous wild-type BC subunit is expected to be minimal. This is also confirmed by our structural analysis on the F363A mutant (see below).
The gel filtration studies showed that the wild-type (with MW of 50 kDa for the monomer) and the F363W mutant of BC eluted at 69.5 ml from an S-300 column, corresponding to the dimeric form of the enzyme. In comparison, the R19E, F363A, E23R, and R366E mutants eluted at a volume of 73 ml, suggesting that these mutants may be monomeric instead. Approximately 30% of the E23R and R366E protein eluted at the void volume (38 ml), whereas the R401E mutant predominantly eluted as a soluble aggregate at around 40 ml.
To obtain further evidence for the monomeric behavior of the dimer interface mutants, we characterized the oligomerization state of these mutants and the wild-type protein by static light scattering. Wild-type BC exists exclusively as a dimer in solution, with an observed molecular weight (MW) of 87 kDa based on light scattering. Consistent with the gel filtration results, the R19E, E23R, F363A, and R366E mutants have MWs from 43-48 kDa, corresponding to a monomeric state of these proteins in solution. Interestingly, an MW of 58 kDa was observed for the F363W mutant, suggesting an equilibrium between monomer and dimer for this mutant. The lower protein concentration in the light scattering studies (3 mM) as compared to the gel filtration studies (60 mM) may account for the difference in oligomerization state for this mutant. Overall, our gel filtration and light scattering studies show that we have successfully created monomeric BC subunits by introducing single-site mutations in the dimer interface.
Dramatic Increases in the K d through Mutations in the Dimer Interface
To validate our observations from the gel filtration and light scattering studies and to obtain quantitative measurements for the effects of the mutations on the monomer-dimer equilibrium, we performed sedimentation velocity analytical ultracentrifugation (AUC) studies on the wild-type and mutant BCs. The experiments were performed in a buffer that is essentially identical to that used in kinetic assays on these proteins, 100 mM HEPES (pH 8.0), 8 mM MgCl 2 , 40 mM biotin, and 0.4 mM ATP (Table 1) . Therefore, our AUC data on these proteins are directly relevant to the analysis of their kinetic data (see next). To assess whether substrate binding can affect the stability of the dimer, we also performed the AUC experiments in buffers lacking biotin, ATP, or both substrates (Table 1) . Earlier experiments have shown that the biotin substrate can synergistically increase the rate of ATP hydrolysis upon binding to the enzyme (Blanchard et al., 1999; Thoden et al., 2000) .
The sedimentation velocity AUC data for wild-type BC and the R19E, E23R, and F363A mutants can be readily fit to a monomer-dimer rapid self-association model ( Figure 2 and Figure S3 ), and the K d values for these proteins were derived from this fit (Table 1 ). In the presence of both biotin and ATP, the K d for the wild-type BC dimer is about 0.1 mM, consistent with earlier data suggesting that this dimer is rather stable in solution (Janiyani et al., 2001) . In comparison, the K d values for the mutants are dramatically higher than those for the wild-type enzyme.
The largest increase in K d is seen for the R19E mutant (up to 8700-fold), in agreement with its strong conservation ( Figure 1D ). In comparison, the F363A mutant shows a more moderate increase (about 40-fold), and this residue is poorly conserved ( Figure 1D ). There is about 5-fold variation in the K d values for each protein in the absence of ATP and/or biotin ( Table 1 ), suggesting that the BC dimer is not stabilized by substrate binding in the conditions that we tested.
The significantly increased K d values for the R19E and E23R mutants (500-800 mM) explain our observation of predominantly monomeric forms of these two mutants in the gel filtration and light scattering studies, where 3-60 mM of enzymes were used. The K d for the F363A mutant is between 3 and 28 mM based on our sedimentation velocity data (Table 1) . At 3 mM concentration of F363A, we would expect to have roughly a 1:1 ratio of monomer and dimer species. However, in the light scattering assay, F363A is only a monomer (48 kDa) at such a concentration. This could be due to the differences between the buffers used for light scattering (20 mM Tris [pH 8.5] and 100 mM NaCl) and AUC studies. 598 6 30 302 6 39 255 6 1 5 4 0 6 6 F363A 4.5 6 0.2 27.5 6 0.6 3.3 6 0.01 4.0 6 0.04
The K d values are given in micrometers. They were derived from a global fit to the sedimentation velocity AUC data, obtained at three different protein concentrations of 1.0, 6.1, and 41 mM. The observed spectrum (open circles) and the fit to the data based on the monomerdimer rapid self-association model (lines) for the wild-type (A), R19E (B), E23R (C), and F363A (D) mutants of E. coli BC subunit. The protein concentration was at 6.1 mM, and the buffer contained 100 mM HEPES (pH 8.0) and 8 mM MgCl 2 . The root-mean-square deviation of all the fits was below 0.01, indicating high-quality data and fitting (Schuck, 2003) . For plots from the other two concentrations (1.0 and 41 mM), please see Figure S3 .
The AUC data for the R401E and R366E mutants could not be fit to the monomer-dimer rapid self-association model (data not shown). This is consistent with our gel filtration and light scattering studies, which showed that these two mutants have a strong tendency to form aggregates.
The Dimer Interface Mutants Are Catalytically Active as Monomers Our gel filtration, light scattering, and AUC studies show that the R19E and E23R mutants are monomeric in solution and that the F363A mutant exists in a monomerdimer equilibrium at micromolar concentrations. We next sought to characterize the catalytic properties of these mutants. The kinetic assays monitored the biotin-dependent hydrolysis of ATP, and the concentration of the wild-type and mutant enzymes was at 2.5 mM in each reaction. Based on our observed K d values (Table  1) , if dimerization of the BC subunits is required for activity, we would expect the R19E and E23R mutants to be essentially inactive, whereas the F363A mutant should have about 50% of the activity of the wild-type enzyme.
Contrary to these expectations, we found that all three mutants have robust catalytic activity ( Figure 3A) . In fact, the R19E and E23R mutants have only a 3-fold loss in k cat , whereas their K m for ATP is essentially the same as the wild-type BC ( Table 2 ). The F363A mutant has the same catalytic activity as the wild-type enzyme ( Table 2 ). The observed activity for these mutants is unlikely due to contamination from the endogenous wildtype E. coli BC subunit; the strongest evidence showing that there is little such contamination comes from our structural studies on the F363A mutant (see below). Therefore, our kinetic data demonstrate that the R19E and E23R mutants of E. coli BC are active in their monomeric form.
Because our data contradict current belief regarding the catalytic activity of BC, we performed additional experiments to verify that monomers of the mutants are truly active. These experiments examined the dependence of the initial velocity (v) of the reaction on the total 
Our experimental data for the R19E (concentration range 0.7-20 mM) and F363A (0.2-10 mM) mutants are consistent with a linear dependence of the initial velocity on enzyme concentration, whereas the nonlinear model does not fit the data ( Figures 3B and 3C) . The difference between the two models is even more dramatic if the specific activity (v / [E] t ) is plotted against [E] t . The linear model will produce a horizontal line, at the k cat , whereas the nonlinear model will produce a curve starting at 0. Our experimental data for the R19E and F363A mutants can be readily fit to a horizontal line ( Figures 3D and 3E ). It is notable that the difference between the linear and nonlinear plots is more significant for the R19E mutant than the F363A mutant, due to the higher K d of the former. In summary, both of our kinetic experiments demonstrate that monomers of mutant BC are essentially fully active in the assays. This concentration-dependence assay unfortunately cannot be applied directly to the wild-type BC subunit to determine whether its monomers are active. Because of the low K d value of the dimer (97 nM, Table 1 ), much lower concentrations of the enzyme (around 1-10 nM) must be used in the reaction. However, the initial velocity cannot be measured accurately at such enzyme concentrations. In addition, it has been suggested that the wild-type BC dimers are stable in solution and rarely dissociate (Janiyani et al., 2001) .
The R366E and R401E mutants are inactive, with no specific activity at ATP concentrations of up to 800 mM ( Table 2 ). Noting that these two mutants are also prone to aggregation, it is likely that the R366E and R401E mutations have disrupted the native structure of the BC subunit.
Structural Disruptions in the Dimer Interface of the E23R Mutant Our biochemical, biophysical, and kinetic studies show that the R19E and E23R mutations of E. coli BC have severely destabilized the dimer of the enzyme, with more than an 8000-fold increase in the K d values (Table  1) , but the monomers of these mutants are active catalytically (Table 2 ). In comparison, the F363A mutation caused a smaller increase in the K d of the dimer (Table  1) , and the mutant has essentially the same activity as the wild-type enzyme (Table 2) . To elucidate the molecular basis for the effects of the mutations on the dimerization of these enzymes, we have determined the crystal structures of the E23R and F363A mutants at 2.8 and 2.2 Å resolution, respectively (Table 3 ). Attempts at crystallizing the R19E mutant have so far not been successful.
The E23R and the F363A mutants are dimeric in the crystal ( Figures 4A and 4B ). This could be expected as very high concentrations of both mutants (300 mM for E23R and 180 mM for F363A) were used in the crystallization, which is close to the K d of the E23R mutant and is significantly greater than the K d of the F363A mutant (Table 1 ). There are two dimers of the F363A mutant in the crystallographic asymmetric unit. They have essentially the same conformations, with a root-mean-square (rms) distance of 0.4 Å for 879 equivalent Ca atoms. The E23R crystal is nonisomorphous to the F363A crystal and contains only one dimer in the asymmetric unit. The monomers of the mutants have essentially the same overall conformation as the wild-type BC monomer, with rms distances of about 0.4 Å for equivalent Ca atoms between any pair of the monomers. Residues in the B domain (amino acids 132-202), far from the dimer interface ( Figure 1A ), are not included in this comparison. This domain shows variations among the structures ( Figures 4A and 4B ), but these are more likely due to the inherent flexibility of the domain and crystal packing effects.
There are significant changes in the structure of the E. coli BC subunit near the E23R mutation site ( Figure 4C ), which are likely triggered by the E23R mutation itself. Residues 22-27 at the end of the aC helix moved by about 1 Å to accommodate the larger Arg23 side chain, which may have affected the position of the N terminus of helix aR', including Ala400 0 and Asn404 0 ( Figure 4C ). The mutation destroyed the ion-pair interaction between Glu23 and Arg401 0 . The guanidinium group of the new Arg23 side chain is instead interacting with the side chain of Asp307, in the same monomer, and the Arg401 0 side chain is disturbed by the new positive charge. The side chain of Phe363 0 assumes a different rotamer in this monomer ( Figure 4C ), although that of Phe363 in the other monomer has the same conformation as the wild-type enzyme. This suggests that the Phe363 may have become somewhat more flexible in the E23R mutant. There are also differences in the dimer organization of the E23R mutant compared to the wild-type BC (Figure 4A) . If one monomer of the E23R mutant is superimposed onto that of the wild-type-free enzyme, a rotation of 3.5º is needed to bring the second monomers of the two structures into superposition. However, it is not clear whether these changes are due to the E23R mutation or the flexibility in the dimer interface. As a comparison, a 2º difference is seen in the orientation of the second monomer of the E288K mutant (in the active site) in complex with ATP (Thoden et al., 2000) .
The F363A mutant shows a 5º rotation of the second monomer but roughly in the opposite direction relative to the E23R mutant ( Figure 4B ). Aside from this difference in dimer organization, the F363A mutant does not show significant structural changes near the mutation site ( Figure 4D ).
Our structural studies with the E23R and F363A mutants show that the E23R mutation produces significant conformational changes near the mutation site in the dimer interface, consistent with the large increase in the K d of this mutant dimer. On the other hand, only minor structural changes are observed for the F363A mutant, and the loss of the van der Waals interactions of the Phe363 side chain may be the molecular basis for the moderate increase in the K d of this mutant dimer.
The availability of high-resolution X-ray diffraction data for the F363A mutant also allowed us to quantitatively assess the amount of contamination by endogenous, wild-type E. coli BC subunit in our enzyme preparations. As the mutant proteins were strongly overexpressed compared to the endogenous BC subunit ( Figure S2 ), significant contamination by the endogenous enzyme is unlikely. Our crystallographic analysis for the F363A mutant shows that there is no evidence for any electron density beyond the Cb atom of this side chain ( Figure 4E) . Similarly, clear electron density was observed for the Arg23 side chain in the E23R mutant ( Figure S4 ). This is an independent confirmation that our protein preparations have a negligible amount of the endogenous, wild-type BC, and the observed catalytic activity of these mutants (Table 2) is not due to this contamination. Our analyses cannot exclude the possibility that only the mutant proteins crystallized in our experiments while the contaminating wild-type protein (if there was any) stayed in solution, although such a scenario is probably unlikely.
Implications for the BC Subunit of Multisubunit ACCs
It is currently believed that E. coli BC is active only as a dimer. However, the only experimental evidence is obtained from studies on hybrid dimers containing a wildtype monomer and a monomer with a disabled active site (Janiyani et al., 2001 ). These studies suggest there might be long-range communication between the two active sites in the dimer, and catalysis in the two active sites may be coupled (Janiyani et al., 2001) . A possible mechanism is that the two subunits alternate their catalytic cycles, such that only one subunit is turning over the substrate at a time while the other subunit goes through product release and substrate binding (Janiyani et al., 2001 ). With this model, if catalysis in one active site is disrupted (for example by mutation), catalysis in the other active site will also be affected severely, thereby explaining the large loss in activity of the hybrid dimers (Janiyani et al., 2001) .
Although studies on the hybrid dimers of the BC subunit suggest possible communication between the two active sites of the dimer, they do not directly address the issue whether monomers of the BC subunit are catalytically active. Our new data demonstrate that the R19E and E23R mutants are monomeric in solution but have strong catalytic activity, showing that monomers of the BC subunit can be catalytically active. However, our data do not necessarily contradict the earlier observations on the hybrid dimers (Janiyani et al., 2001) . Although communication may be important in the dimer form of the enzyme, it apparently is not required for catalysis and the monomer form of the enzyme can also be active. Therefore, dimerization may not be an absolute requirement for the catalytic activity of the BC subunit of multisubunit ACCs. Further studies are needed to elucidate how events in one active site of the dimer are transmitted across the dimer interface to the other active site.
The BC subunit functions in a multisubunit complex with BCCP and CT in prokaryotic ACCs. The bacterial CT subunit and the yeast CT domain are tightly associated dimers, with the active sites located in the dimer interface (Bilder et al., 2006; Tong, 2005; Zhang et al., 2003 Zhang et al., , 2004b . Therefore, CT is only active as a dimer, and it is likely to remain dimeric in the multisubunit ACCs. The BC subunit is probably also dimeric in this holoenzyme, considering the fact the E. coli BC dimers are stable (Table 1 ) and slow to dissociate (Janiyani et al., 2001) . Interestingly, the distance between the two active sites of the BC dimer is about the same as that between the two active sites of the CT dimer. This suggests a possible model for the holoenzyme where the BC dimer has direct interactions with the CT dimer, which could position the two active sites in BC close to those in CT. The biotin substrate, attached to a swinging arm on BCCP, can then translocate between the BC and CT active sites. Each pair of the BC:CT active sites may be in contact with two BCCP subunits in the holoenzyme (Choi-Rhee and Cronan, 2003) .
Implications for the BC Domain of Multidomain ACCs: A New Model for the Activity of BC The BC domains of multidomain ACCs from human and yeast have been studied recently (Shen et al., 2004; Weatherly et al., 2004) . It was found that these isolated domains are catalytically inactive, in contrast to observations that the carboxyltransferase (CT) domains of human and yeast ACCs are active (Tong, 2005; Zhang et al., 2004a; Zhang et al., 2003) . The BC domains are monomeric in solution, which appears to be consistent with the belief that only BC dimers are active. However, with our new data on the dimer interface mutants, the monomeric behavior of the BC domains may not be the only explanation for their lack of catalytic activity.
Although the overall structures of the E. coli BC subunit (Thoden et al., 2000; Waldrop et al., 1994) and yeast BC domain (Shen et al., 2004) are similar, there are significant differences for the residues in the dimer interface of E. coli BC (Shen et al., 2004) . In fact, a model for the dimer of the yeast BC domain shows severe steric clashes in the interface ( Figure S5 ). The largest difference is that strand b18 is located in completely different positions in the two structures ( Figure 1A and Figure S5 ), and this strand in yeast BC domain is clashing with its symmetry mate from the other monomer in the dimer model ( Figure S5 ). Another structural difference is that the position of strand b19 shifts by about 3 Å between the two enzymes (Shen et al., 2004) . Remarkably, these conformational differences are crucial for the formation of the binding site for the natural product soraphen A and the specificity of this compound for eukaryotic ACCs (Shen et al., 2004) . Our earlier studies showed that this potent polyketide inhibitor stabilizes the monomeric form of the BC domain, consistent with the hypothesis that its binding site may mediate dimerization (or oligomerization) of the BC domain.
Based on our data on the dimer interface mutants and existing information on the BC subunits and BC domains, we propose a new model for the molecular mechanism of action of these enzymes ( Figure 5) . The model proposes that residues in the dimer interface can assume two (or more) conformations that can indirectly control catalysis in the active site of the enzyme (Janiyani et al., 2001) . The conformation of these residues in wild-type E. coli BC subunit (conformation I) is compatible with dimerization of the enzyme ( Figure 5) . However, the catalytic activity of the two monomers in the dimer may be coupled, such that only one monomer is turning over the substrate at a time ( Figure 5 ) (Janiyani et al., 2001 ). Our single-site mutations in the dimer interface can severely destabilize the dimers, but they do not seriously perturb the conformation of the residues in the dimer interface, such that the proper dimer can still be formed at high concentrations ( Figures 4A and 4B) . Monomers of these dimer interface mutants are catalytically active (Figure 5 ), suggesting that long-range communication between the two active sites of the dimer can be decoupled.
In contrast, residues in the dimer interface of the yeast BC domain assume a different conformation (conformation II) ( Figure 5 ). It is incompatible with dimerization of the BC domain ( Figure S5 ), and the enzyme in this state is catalytically inactive ( Figure 5 ). We hypothesize that a change to conformation I for these residues is needed to make the eukaryotic BC domain active ( Figure 5 ). This is expected to occur in the native context of the BC domain in the full-length multidomain ACC enzyme; whether isolated BC domain can achieve this conformational transition remains to be seen. The natural product soraphen A binds and stabilizes the inactive state (conformation II) of the enzyme (Figure 5 ), inhibiting proteinprotein interactions between BC domain monomers (Shen et al., 2004) . Therefore, our model suggests that the conformation of the residues in the dimer interface may be more important than dimerization itself for the catalytic activity of these enzymes and that dimerization per se is not an absolute requirement for the function of biotin carboxylase. Moreover, our model suggests the possibility that the catalytically active conformation of the BC domain (conformation I) does not have to form dimers, as the monomeric BC in this conformation can also be active ( Figure 5 ). BC is covalently linked to the BCCP and CT domains in the eukaryotic ACCs, which exist as homooligomers. Although it is likely that the BC domain is dimeric in this multidomain holoenzyme, it might also be possible that BC is present in the monomer form, and the active conformation interacts instead with other domains of the enzyme. In fact, our preliminary observations (based on cryo-electron microscopy) on the related enzyme propionyl-CoA carboxylase (PCC) show that the a subunit (containing BC and BCCP) might be arranged as monomers around a central hexameric core of b subunits (containing CT) (Y.S., B. Deng, H. Zhou, L.T., unpublished data). The structure of this hexameric core has been determined by crystallographic methods (Diacovich et al., 2004; Hall et al., 2003; Lin et al., 2006) . Therefore, our model could be applicable not only to ACC but also to other biotin-dependent carboxylases. This further strengthens our finding that dimerization is not an absolute requirement for BC activity.
In summary, our studies provide experimental evidence that E. coli BC subunit can function catalytically in its monomeric form, contrary to current beliefs. By introducing single-site mutations in the dimer interface, we have been able to produce two mutants (R19E and E23R) that are monomeric in solution at micromolar concentrations. However, these mutants have only a 3-fold loss in activity compared to the wild-type enzyme. Crystal structures of the E23R and the F363A mutants reveal the molecular mechanism for the destabilizing effects of these mutations on the BC dimer. Our biochemical, biophysical, and structural studies have significant functional implications for the BC subunit of bacterial ACCs as well as the BC domain of multidomain, eukaryotic ACCs.
Experimental Procedures
Mutagenesis, Protein Expression, and Purification Full-length wild-type E. coli BC was subcloned into the pET28a vector (Novagen). The expression construct contains an N-terminal hexa-histidine tag. Six mutants (R19E, E23R, F363W, F363A, R366E, and R401E) were designed based on the structural information on the BC dimer. They were created by using the QuikChange kit (Stratagene) and verified by DNA sequencing of the mutated plasmid.
The wild-type and mutant BC proteins were overexpressed in E. coli Rosetta (DE3) cells and purified following the same protocol, with nickel-agarose and gel filtration chromatography. The purified proteins were concentrated to 10-50 mg/ml in a buffer containing 20 mM Tris (pH 8.5), 200 mM NaCl, 8 mM DTT, and 5% (v/v) glycerol, flash-frozen in liquid nitrogen, and stored at 280ºC. The purity of these samples is >95% based on SDS gel electrophoresis.
Sedimentation Velocity Analytical Ultracentrifugation
Sedimentation velocity experiments were performed with a Beckman model XL-A analytical ultracentrifuge for four protein samples, wild-type, R19E, E23R, and F363A, in the same buffer as that used for kinetic assay. The protein samples were first diluted to concentrations of 1.0, 6.1, and 41 mM, respectively. Samples (400 ml) and reference (440 ml) solutions were loaded into double-sector centerpieces and mounted in a Beckman An-50 Ti rotor. The reference solution contained 40 mM biotin and/or 0.4 mM ATP as necessary. The experiments were performed at 20ºC with a rotor speed of 42,000 rpm. Absorbance of the sample at 280 nm was monitored in a continuous mode without averaging, using a time interval of 480 s and step size of 0.002 cm.
Multiple scans at different time points were globally fitted to a monomer-dimer rapid self-association model by using the program SEDPHAT (Schuck, 2003) . The isotherm of the weight-average sedimentation coefficient for a self associating system can be written as
where s 0,i are the species sedimentation coefficients at infinite dilution, k s,i are their hydrodynamic nonideality coefficients, and K i is the association constant (K 1 = 1). Because the values of k s,i cannot be easily determined separately for each species and may be composition dependent, the second equation makes the assumption that the hydrodynamic nonideality coefficients for all species can, in a first approximation, be described by an average value (Frigon and Timasheff, 1975 ). This will be true at moderate concentrations, or if the different species are not too dissimilar in shape, or for moderately weak associations where the largest species dominate the sedimentation at higher concentration.
For rapid associating systems, finite element solutions of the Lamm equation
with local weight-average sedimentation coefficients s w and gradient-average diffusion coefficients D g were calculated as described previously (Cox, 1969; Schuck, 1998; Schuck, 2003) . In the equation, r denotes the distance from the center of rotation, u is the angular velocity, and c is the concentration. For Lamm equation solutions with hydrodynamic repulsive nonideality, the local weight-average sedimentation coefficients were multiplied with a factor of 1 / (1 + k s c(r)), as described previously (Schuck, 2003; Solovyova et al., 2001) . In SEDPHAT, to generate a global model, a set of sedimentation profiles is calculated by using the monomer-dimer model for each channel. Global parameters are s 20 (sedimentation coefficient at 20ºC), D 20 (diffusion constant at 20ºC), log K a (association constants), M (molar mass) values, and the partial-specific volume of the solute. Local parameters are the protein concentration of each sedimentation profiles. Among the global parameters, the s 20 , M of monomer, and log K a are varied to obtain the best fit to the data.
Kinetic Studies
The initial velocity of ATP hydrolysis of the wild-type and mutant enzymes of E. coli BC was determined spectrophotometrically at 340 nm, following a protocol described earlier (Blanchard et al., 1999) . The reaction buffer (0.2 ml volume) contained 100 mM HEPES (pH 8.0), 15 mM KHCO 3 , 8 mM MgCl 2 , 40 mM biotin, 0.2 mM NADH, 0.5 mM phosphoenolpyruvate, 7 units of lactate dehydrogenase, and 4.2 units of pyruvate kinase (40 mM biotin was solubilized by vigorous mixing and incubation at 37ºC). The concentration of the ATP substrate was varied in the assays. The measurements were repeated two to three times for each enzyme.
The dependence of BC catalytic activity on enzyme concentration was investigated by using the R19E and F363A mutants, at 2 mM ATP concentration. The initial velocity of the reaction at various concentrations of each mutant enzyme was determined.
Crystallization of the E23R and F363A Mutants
The hexa-histidine tag was not removed from the mutants for crystallization. Crystals of the E23R mutant were obtained at 21ºC by the sitting-drop vapor diffusion method. The protein was at 15 mg/ml concentration, mixed in a 1:0.7 ratio with a reservoir solution containing 0.1 M magnesium formate, 14% (w/v) PEG3350, 8% (v/v) glycerol, and 20 mM CaCl 2 . Microseeding was required to obtain crystals of diffraction quality, and the crystals took 20-30 days to grow to full size. For cryo protection, the crystals were transferred to a solution containing 0.1 M magnesium formate, 25% (w/v) PEG3350, and 16% (v/v) glycerol and flash-frozen in liquid propane for data collection at 100K. They belong to space group P2 1 with cell parameters of a = 62.9 Å , b = 92.6 Å , c = 86.6 Å , and b = 98.8º. There are two molecules of the mutant in the asymmetric unit.
Crystals of the F363A mutant were obtained at 21ºC by the sittingdrop vapor diffusion method. The protein was at 9 mg/ml concentration, mixed at a ratio of 1.6:1 with a reservoir solution containing 0.1 M Bis-Tris (pH 7.5), 100 mM NaCl, 200 mM trimethylamine N-oxide, 8% (w/v) PEG2000 MME, 4% (v/v) glycerol, 5 mM MgCl 2 , and 2.5 mM DTT. These crystals were cryo protected in the reservoir solution supplemented to 22% PEG2000 MME and 14% glycerol. They belong to space group P2 1 with cell parameters a = 62.4 Å , b = 81.5 Å , c = 176.6 Å , and b = 97.7º. There are four molecules of the mutant in the asymmetric unit. These mutant crystals are not isomorphous to those of the wild-type BC (Waldrop et al., 1994) .
Data Collection and Structure Determination X-ray diffraction data on the E23R and F363A mutants were collected on the ADSC Quantum-4 CCD at beamline X4A and ADSC Q315 CCD at beamline X29 of National Synchrotron Light Source (NSLS), respectively. The diffraction images were processed and scaled with the HKL package (Otwinowski and Minor, 1997) .
The structures of the E23R and F363A mutants were determined by the molecular replacement method with the program COMO (Jogl et al., 2001) , using the structure of the free enzyme of wildtype E. coli BC as a search model (Thoden et al., 2000) . The structure refinement was performed with the program CNS (Brunger et al., 1998) and manual adjustments to the model with the program O (Jones et al., 1991) . For the E23R mutant, NCS restraint was applied during the structure refinement, and TLS refinement was used in the final step with the program Refmac5 (Murshudov et al., 1997) . The crystallographic information is summarized in Table 3 .
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